Higher-level phylogenetics of Pycnogonida has been discussed for many decades but scarcely studied from a cladistic perspective. Traditional taxonomic classifications are yet to be tested and affinities among families and genera are not well understood. Pycnogonida includes more than 1300 species described, but no systematic revisions at any level are available. Previous attempts to propose a phylogeny of the sea spiders were limited in characters and taxon sampling, therefore not allowing a robust test of relationships among lineages. Herein, we present the first comprehensive phylogenetic analysis of the Pycnogonida based on a total evidence approach and Direct Optimization. Sixty-three pycnogonid species representing all families including fossil taxa were included. For most of the extant taxa more than 6 kb of nuclear and mitochondrial DNA and 78 morphological characters were scored. The most parsimonious hypotheses obtained in equally weighted total evidence analyses show the two most diverse families Ammotheidae and Callipallenidae to be non-monophyletic. Austrodecidae + Colossendeidae + Pycnogonidae are in the basal most clade, these are morphologically diverse groups of species mostly found in cold waters. The raising of the family Pallenopsidae is supported, while Eurycyde and Ascorhynchus are definitely separated from Ammotheidae. The four fossil taxa are grouped within living Pycnogonida, instead of being an early derived clade. This phylogeny represents a solid framework to work towards the understanding of pycnogonid systematics, providing a data set and a testable hypothesis that indicate those clades that need severe testing, especially some of the deep nodes of the pycnogonid tree and the relationships of ammotheid and callipallenid forms. The inclusion of more rare taxa and additional sources of evidence are necessary for a phylogenetic classification of the Pycnogonida.
Pycnogonids or sea spiders (Arthropoda; Pycnogonida) are one of the most extraordinary and intriguing arthropods. A prominent proboscis, the ovigers and the extreme reduction of the abdomen are some of the peculiar characteristics making them easily recognizable and immediately striking. Pycnogonida contains more than 1300 species described, some relatively common at particular habitats and locations, but infrequent and many quite rare. They exhibit a broad range of sizes, forms and habits, from tiny, short-legged intertidal species to large, and long-legged abyssal forms. They inhabit all marine benthic environments worldwide but tend to be cryptic and infrequent thus generally neglected in marine studies. A revision of the biology of sea spiders is in Arnaud and Bamber (1987) .
The unresolved phylogenetic affinities of Pycnogonida have been controversial for many years (earlier literature in Hedgpeth, 1947 Hedgpeth, , 1954 Snodgrass, 1952) . They are generally regarded as sister group of Euchelicerata or as the sister group to all extant euarthropods (see revision in Dunlop and Arango, 2005 ; more recent discussion in Giribet et al., 2005; Maxmen et al., 2005; Jager et al., 2006; Manuel et al., 2006) . The uncertain origin of the ''obscure'' sea spiders, is part of, as recently expressed, ''one of the most controversial of all zoological topics'' (Budd and Telford, 2005) . This controversy is continuing and being fueled by a flow of recent data such as phylogenetic data sets (Arango, 2003a) , the characterization and interpretation of larval anatomy and neurobiology (Vilpoux and Waloszek, 2003; Maxmen et al., 2005) , the description of new fossils (Siveter et al., 2004; Poschmann and Dunlop, 2006) , and more recently, hox gene expression data Manuel et al., 2006) . Maxmen et al. (2005) provided an interpretation of novel neuroanatomical data from an Anoplodactylus species (i.e., A. eroticus, see details in Arango and Maxmen, 2006) , suggesting chelifores are innervated by the protocerebrum and are not homologous to chelicerae, which are deutocerebral. According to their interpretation, chelifores might be homologous to the ''great appendage'' of Cambrian stem-arthropods, implying pycnogonids could be the most primitive of all extant arthropods. However, Maxmen et al.'s interpretation has been refuted Manuel et al., 2006) with the first data on hox gene expression in sea spiders (Endeis spinosa and Nymphon gracile), which provides strong evidence that chelifores and chelicerae are homologous. Jager et al. (2006) and Manuel et al. (2006) support classical embryological studies showing that chelifores ganglia first appear postorally and then migrate closer to the protocerebrum (Sanchez, 1959 and earlier literature therein). These recent results seem to contribute strongly to a sister group relationship of Pycnogonida and Chelicerata. Such patterns of relationships are yet to be tested in a phylogenetic analysis using an enlarged taxon sampling for Pycnogonida that reflects the variation within the group, and that includes diverse sources of data that can explain the affinities of Pycnogonida in Arthropoda.
On a lower level, there is very little analytical work on the phylogenetic affinities or diversification of sea spiders, and basically no systematic reviews at family or genus level are available. Testable phylogenies of Pycnogonida based on morphological cladistic analysis and molecular data were produced only recently (see References of previous non-cladistic attempts in Arango, , 2003a . These analyses gave a preliminary indication of possible evolutionary patterns in the group such as the parallelism in the reduction and loss of cephalic appendages (chelifores, palps and ovigers) challenging traditional taxonomic classifications (revision in Hedgpeth, 1947; Arnaud and Bamber, 1987; Child, 1998) . The inclusion of fragments of ribosomal DNA (18S and 28S) in a first attempt of a total evidence analysis provided some further indications of Austrodecidae as possibly early derived taxon, and the nonmonophyly of Ammotheidae . However, too-low variation in the 18S fragment and limited taxon sampling reduced the robustness of hypotheses of interfamilial relationships. The need for an improved taxon sampling, the addition of informative characters, and the use of multiple molecular markers analyzed under more exhaustive and consistent analytical procedures was recognized in Arango (2003a) .
The aim of the present study was to test the higherlevel phylogeny of the families of Pycnogonida using multiple molecular markers and morphological characters simultaneously. We substantially increase the body of morphological and molecular data from previous studies by (i) the use of six loci adding more than 6 kb; (ii) including 78 morphological characters [42 characters added to the previous morphological matrix in ]; (iii) adding four pycnogonid fossils described in the literature to test their affinities to extant taxa; and (iv) adding data of nine non-pycnogonid taxa as outgroup information. This is the largest phylogenetic data set for Pycnogonida available so far, representing all families and taxa from a broad range of latitudes and habitats. Most of the numerous genera are included, except some for which molecular data could not be obtained (e.g., Cilunculus; see Table 1 ). In Pycnogonida, 22% of the known genera (18 of 80) are monospecific (many of them monotypic), and a similar number have only two or three species described. Generally these taxa are known from deep sea or other remote areas and the chances of collecting fresh material are low. In this study, we were able to include some of the rare or remotely found taxa, such as the Antarctic Decolopoda australis, Pentanymphon antarcticum and Pentapycnon charcoti, and the hydrothermal vents species Sericosura venticola found at more than 1000 m depth. Thus, although more of the rare taxa are needed for a complete test of affinities, the proposed hypothesis of relationships here constitutes a solid framework for posterior definition of a classification of Pycnogonida, and a revision of the monophyly of the more numerous and complex taxa.
Methods

Taxon sampling
An exemplar approach was implemented at least for the ingroup taxa, scoring morphological characters for all the species of pycnogonids for which DNA sequences were obtained, without assuming monophyly at higher levels (Yeates, 1995; Prendini, 2001) . Data were compiled for 29 genera and a total of 59 species (Tables 1 and 3 ). We included species from a wide range of depths and latitudes, as our main aim was to cover as many representative genera from all the families as possible. Most of the species were collected by the first author in a variety of intertidal and subtidal habitats (e.g., coral and rocky reefs, seagrass and algal beds, rocky platforms, fouling docks, low tide sandy beaches) in tropical and subtropical locations (e.g., Caribbean, Pacific USA, east and south-east Australia). Other material was kindly provided by collaborators sampling diverse areas, as remote as Antarctic deep-sea and hydrothermal vents fauna among others (list on Table 3 ).
Outgroups
Given the uncertain position of pycnogonids in Arthropoda and the uniqueness of their morphology, there is no clear most appropriate sister group, consequently a broad range of taxa was included as outgroups. Nine non-pycnogonid taxa are included as outgroups representing Onychophora, Tardigrada, Chelicerata, Myriapoda and Xiphosura. Pycnogonida have been proposed as sister group to chelicerates or to euarthropods (see Dunlop and Arango, 2005) and this selection of outgroups aims to cover both alternatives. The scoring of outgroups that could test the plesiomorphic state of the pycnogonid characters is not straightforward , most of the morphological characters informative for internal pycnogonid phylogeny are not scored in outgroups given the uncertain homologies for most of the key structures (e.g., proboscis, ovigers) of pycnogonids, and in most cases these uncertainties are coded as inapplicable. For some outgroup taxa, a ground-plan approach had to be followed combining DNA data for different species under a supraspecific taxon (see Table 3 ). Sequences of non-pycnogonid taxa were mostly found in GenBank, unpublished sequences of Scorpiones were kindly made available by L. Prendini.
Fossil taxa
Fossils described so far as pycnogonids are spare and some of them problematic (Hedgpeth, 1954; Bergstro¨m et al., 1980) . Morphological characters for Paleoisopus problematicus , Paleopantopus maucheri and Paleothea devonica were scored according to the known descriptions based on X-ray images . The Silurian sea spider Haliestes dasos recently described based on three-dimensional imaging (Siveter et al., 2004) , was also scored in the morphological matrix (note that the Haliestes male attribution in Siveter et al. is not necessitated by the presence of ovigers; in fact, females of all lineages have ovigers except Phoxichilidiidae including Endeis, and Pycnogonidae). The larval fossil Cambropycnogon klausmuelleri , from the Upper Cambrian ''Orsten'' of Sweden (Waloszek and Dunlop, 2002) was not included because only adult characters were considered in this data set, and due to enormous uncertainty when proposing homologies of the larval structures. Molecular data for the extinct species included were entered as missing.
Living taxa
Our criterion for using ingroup living taxa was to include species from representative genera from all families, of which tissue suitable for DNA analysis could be obtained (see Table 1 for taxonomic classification of the group and the genera included in the analysis). Interestingly, 10-legged Antarctic species Pentapycnon charcoti [only few specimens known (Child, 1995b) , the one used in this study recently collected at 3213 m depth by the German Expedition ''Polarsten'' 42, ANTXIV ⁄ 2, Museum fu¨r Naturkunde Berlin], Pentanymphon antarcticum and Decolopoda australis were available in this study together with other representatives of Colossendeidae, Nymphonidae and Pycnogonidae, to test for the affinities of these polymerous forms (Hedgpeth, 1954) .
Finding and collecting specimens suitable for analysis can be difficult; most of the genera can only be represented by one, two or three species in the analysis, however, speciose, relatively common genera such as Anoplodactylus, Nymphon and Achelia are represented by more species. Our living ingroup taxa resulted in a set of 59 species in 29 living genera scored with morphological characters and six loci in most cases (Table 3) .
Character sampling
Morphology
Description of some of the morphological characters mostly follows the character evaluation presented in . Modifications and the descriptions of new characters included in this study are shown on the list of characters (Appendix 2). Description of characters and terminology follow general pycnogonid references (e.g., Arnaud and Bamber, 1987; Child, 1998) . A total of 78 characters were scored across 72 terminal taxa. Fortytwo characters are added based on additional observations of external morphology including arrangement of eggs and types of larva. Characters were scored from direct observation of the specimens using light microscopy and imaging on a Hitachi S4700 Field Emission Scanning Electron Microscope at the American Museum of Natural History (AMNH). When availability of gender or life stage prevented those observations, literature descriptions were sought. Characters relevant to the relationships among other arthropods and pycnogonids are based on data sets in Giribet et al. (2001) and Edgecombe (2004) as indicated in Appendix 2. Two of these characters are ground-plan coded for Pycnogonida as well as characters related to eye ultrastructure according to Heß et al. (1996) (See Appendix 2).
DNA
Molecular work was carried out at the Molecular Systematics Laboratory of the AMNH. Genomic DNA was extracted from absolute ethanol-preserved specimens using the Qiagen Dneasy Tissue Kit: Dneasy Protocol for animal tissues (Qiagen, Valencia, CA) . Depending on the size of the specimen a piece of leg was cut off and macerated with a plastic pestle after adding the lysis buffer and proteinase K. For a few small individuals ( 0.6 mm) the whole specimen was used for the extraction; in most cases duplicates were kept as vouchers and deposited at corresponding collections (Museum Victoria, Australian Museum, Queensland Museum, and Instituto de Investigaciones Marinas Invemar, Colombia). Certain DNA fragments were obtained for museum specimens (e.g., Pantopipetta sp. at AMNH). Extracted DNA aliquots for most of the species used are kept at the Ambrose Monell Cryo Collection at the AMNH (nos 131594-131673). Double-stranded DNA template suitable for sequencing was prepared by polymerase chain reaction (PCR) using the combination of primers in Table 2 . Amplifications were made in a 25-lL volume reaction adding 1 lL of each 10 lm primer, 23 lL of dH 2 O and 2 lL of template DNA to the Ready-to-Go PCR beads (Amersham Pharmacia Biotech, Pittsburg, PA). The PCR programs ran on DNA Engine Dyad Thermal Cyclers (MJ Research, Waltham, MA) and Eppendorf Mastercyclers Ò and consisted of an initial denaturing step at 94°C for 3 min, 40 amplification cycles (94°C for 1 min, 48-56°C for 1 min 15 s, 72°C for 1 min) and a final step at 72°C for 5 min. Annealing for 12S and Cytochrome Oxidase I (COI) fragments conducted at lower temperatures (44-46°C) . PCR products were checked on a 1% Agarose ⁄ TBE electrophoretic gel and purified using cleaning buffer on the Biomek 2000 Automation Workstation following the manufacturer's protocol. Single-stranded sequencing was conducted using automated Applied Biosystems Inc. Prism 3700 and 3730XL DNA sequencers and the Dye Terminator Sequence Kit (Applied Biosystems, Foster City, CA). Each cycle of sequencing reaction was carried out in a 8 lL reaction containing 2 lL of BDTmix, 1 lL of 3.2 qM primer and 10 ng ⁄ mL of PCR product. The products of the cycling sequencing reactions were cleaned by precipitation with isopropanol and ethanol (40 lL 70% isopropanol added, centrifuged at 2750 g for 30 min, microplate inverted and spun for 1 min at 43 g; then repeated procedure but instead of isopropanol used 70% ethanol), air-dried for 20 min and resuspended in 10 lL formamide to be loaded on to the sequencer.
Sequences were verified by independently producing the complementary strands for each sample for all fragments. Chromatograms were examined and edited using Sequencher ver. 4.1.4 (Gene Codes Corp., Ann Arbor, MI) and BioEdit (http://www.mbio.ncsu.edu/BioEdit).
A total of 755 final sequences were generated for this study. The nuclear loci used were 18S (1767-1806 bp in sea spiders; 1746-2133 bp in outgroups), 28S (2747-2860 bp in sea spiders; 2510-2949 bp in outgroups) and Histone 3 (H3) (327 bp in all). The mitochondrial loci were 12S (331-359 bp in sea spiders, 333-351 bp in outgroups), 16S (447-517 bp in sea spiders and 442-522 in outgroups) and COI (1081 bp in all). Some fragments (e.g., H3) could not be sequenced successfully for particular genera (e.g., Austropallene) or for some of Colgan et al. (1998) the species (e.g., 12S for two Anoplodactylus, COI for Hedgpethia dofleini). For specimens of Achelia echinata, Phoxichilidium femoratum, and Rhynchothorax australis only two of six loci were sequenced. Sequences obtained in this study are deposited in GenBank (accession numbers in Table 3 ). Given the dynamic nature of the analysis with Direct Optimization (DO), which is quite demanding computationally when dealing with large data sets, 18S, 28S and COI were split into smaller, recognizably homologous segments within the matrix. The splitting was guided by conserved areas in which known motifs (primers) are located (segments separated by ''#'' according to POY guidelines) (Wheeler et al., 1996 (Wheeler et al., -2003 Giribet, 2005) . Thus, 28S was segmented into 12 fragments, 18S into nine fragments and COI into four fragments. Targeted fragments of 12S, H3 and 16S were shorter so they were amplified as a single segment and were not split into smaller fragments. The resulting POY-formatted file of the combined data in the form of an implied alignment can be obtained from the authors by request.
Analysis
Phylogenetic reconstruction was performed with parsimony analysis of a combined data set of DNA sequences and morphological characters, following the idea that a simultaneous analysis of all available evidence maximizes explanatory power (Kluge, 1989; Nixon and Carpenter, 1996) . The data were analyzed under DO (Wheeler, 1996) as implemented in the program POY, ver. 3.0.11a. (Wheeler et al., 1996) , run on the AMNH parallel computing cluster using 25-50 processors. POY seeks the cladogram-alignment combination (i.e., the optimal tree alignment) that minimizes the total number of hypothesized transformation events required to explain the data. POY does a one-step minimization (instead of the traditional two-step analysis doing a multiple alignment first and then submitting it as a fixed character matrix to tree searching) of total changes on a trial topology, directly assessing the number of evolutionary events or DNA sequence transformations and taking into account insertion ⁄ deletion events (indels, gaps) as historical evidence (Wheeler, 1996 (Wheeler, , 2002 . All data, that is both, morphology and DNA, were treated as non-additive and analyzed all under equal weights (for DNA a cost ratio of indels, transversions and transitions 1 : 1 : 1) providing the simplest minimization of transformations (but see Faivovich et al., 2005) .
For the sequence character optimization, we employed two DO algorithms of different degree of exhaustiveness: Optimization Alignment or generally called Direct Optimization (DO; Wheeler, 1996) , and Iterative Pass Optimization (Wheeler, 2003b) . With the optimization alignment or DO (Wheeler, 1996) , hypothetical ancestral sequences are optimized based only on descendant sequences, while Iterative Pass (IP) optimizes hypothetical ancestral sequences based on both descendant and ancestral sequences. IP is based on a three-sequence DO with iterative improvement and it is much more computationally demanding, but it can find more parsimonious cladograms (Wheeler, 2003b) . The IP routine is being included as part of the search strategy for final rounds of tree branching and reconnecting (TBR) applied to different types of data sets (see Giannini and Simmons, 2003; Sparks and Smith, 2004; Faivovich et al., 2005; Frost et al., 2006; among others) .
For purposes of the analyses, Onychophora was selected as outgroup. A total of 50 random addition sequences were swapped with TBR and altered using ratchet (Nixon, 1999) . Resulting topologies were improved by subsequent rounds of ratcheting with different percentages (20 and 40) and severity (2 and 4) and tree fusing (Goloboff, 1999) . Based on the resulting 57 most parsimonious topologies, another search using TBR, ratchet and tree fusing was performed under iterative pass optimization (Wheeler, 2003b) and the exact command (De Laet and Wheeler, 2003) . For the analysis of only extant taxa, the resulting most parsimonious trees (MPTs) for the complete data set were used as starting point for the search under IP. The implied alignments (Wheeler, 2003a ) (see Giribet, 2005) and topologies were visualized and exported from the Winclada platform (Nixon, 2000) . Implied alignment was used to calculate support for clades indicated by values from jackknife resampling analyses (1000 replications, 10 random additions per replication) and to generate the list of synapomorphies, all performed in TNT (Goloboff et al., 2000) . Morphological synapomorphies are mapped on to the optimal topology in Fig. 8 and molecular synapomorphies for the pycnogonid clades are listed in Appendix 3.
The morphological data were analyzed separately solely for the discussion of differences in the interpretation of character transformations based on a simultaneous analysis and a separate morphological analysis, and for comparison with previous results in Arango (2002) . We did heuristic searches in TNT and NONA ver. 2.0 (Goloboff, 1997) , performing TBR branch swapping on 100 random addition replicates, holding 10 000 trees and 10 starting trees. Additional swapping on 1000 trees that are up to 5% longer than optimal was run to move between local optima. Finally, these trees were TBR swapped retaining only optimal trees.
Results
Total evidence analysis
Simultaneous analysis of morphological and molecular data (10 902 characters based on implied alignment) by DO all under equal costs, resulted in 12 MPTs 28 726 steps long. The 12 MPTs are due to the unresolved position of the fossil Paleothea devonica . Paleothea devonica appears either related to ammotheid taxa, in the callipallenid-nymphonid clade or in the Pycnogonidae clade. The instability of P. devonica causes some deep nodes to collapse (see strict consensus tree Fig. 1 ). When the fossil taxa were removed from the analysis, a heuristic search and swapping produced a single MPT (Length ¼ 28699), which maintains the groupings from the complete data set and the basic topology remained the same showing most of the groups well supported (Fig. 2) . Although the position of fossil taxa is not strongly supported or unambiguous, they are apparently related to extant taxa and do not constitute an early derived ''fossil clade''. H dasos , P. problematicus and P. maucheri appear related to the segregated ammotheid clade Ascorhynchus + Eurycyde.
A single most-parsimonious polytomous tree obtained with non-additive, equally weighted morphological and molecular characters (one of the 12 trees obtained with the full data set, which is exactly the same topology of the single MPT obtained after the exclusion of fossils) is presented as the basis to describe the phylogeny of Pycnogonida (Fig. 3) . This cladogram definitely supports monophyly of the sea spiders as expected. Monophyly of Austrodecidae, Colossendeidae, Phoxichilidiidae (except Phoxichilidum femoratum placed outside the Phoxichilidiidae clade) and Pycnogonidae was supported by these data, while Ammotheidae was polyphyletic and Callipallenidae and Nymphonidae were not recovered either, due to a Nymphonidae species grouped with callipallenid genera (Fig. 3) . Three main clades of Pycnogonida are proposed according to this topology:
1 Austrodecidae + Pycnogonidae + Colossendeidae. This early derived clade is a robust clade relating three quite diverse and widespread lineages that tend to be of Antarctic and temperate distribution. It includes Phoxichilidium femoratum basal to the Pycnogonidae, although well supported by resampling and support values (Figs 2 and 3) this node is based on much fewer DNA sequence characters given unavailability of P. femoratum sequences.
2 ((Haliestes + Paleopantopus ) + (Paleoisopus + (Eurycyde + Ascorhynchus)) + (CallipallenidaeNymphonidae). This node shows very low support in the total analysis (according to the 12 MPTs obtained), but when fossil taxa are excluded the clade ((Eurycyde + Ascorhynchus) + (callipallenids + nymphonids)) is well supported according to jackknife values (Fig. 2) . Eurycyde and Ascorhynchus two ammotheid genera with strong strigilis and ovigers terminal claw are segregated from Ammotheidae. Their sister group affinities with callipallenids + nymphonids had not been made explicit before.
3 Pallenopsidae + (Phoxichilidiidae + (Ammotheids + Rhynchothoracidae). Pallenopsis is solidly positioned at the base of Phoxichilidiidae and the rest of Ammotheids (species with feeble strigilis) supporting the raising of Pallenopsidae (in Fry, 1978) to family rank. Endeis is strongly supported as the sister taxon of Anoplodactylus. Within the Ammotheidae + Rhynchothoracidae clade, Ammothea was putatively monophyletic but other genera were not, being Achelia one of the most problematic. The position of the Rhynchothoracidae related to Achelia and Ammothella is weakly supported, only few informative characters were available for this rare lineage (less than 800 bp being sequenced).
Analysis of morphological data
Separate analysis of the 78 morphological characters equally weighted, resulted in 1344 MPTs (L ¼ 338, consistency index ¼ 0.36, retention index ¼ 0.74). The strict consensus tree (Fig. 4) shows only few clades strongly supported (jackknife values > 60), these are mostly shallow nodes relating species within a genus, in the case of Eurycyde and Endeis, and the two genera of Pycnogonidae: Pentapycnon and Pycnogonum. Deeper nodes in the phylogenetic tree are not well supported except the early derived position of P. problematicus (jackknife value ¼ 90). Ammotheidae is shown as polyphyletic again with many of the terminals unplaced (Fig. 4) , while Callipallenidae appears monophyletic and sister group to Nymphonidae. Pallenopsis species do not form a group and appear related to Phoxichilidiidae, although weakly supported.
Discussion
Pycnogonida relationships
Fossil taxa
A good account of the different classification schemes used for pycnogonid fossils is in Waloszek and Dunlop (2002) . The controversial Paleoisopus problematicus defined by a plesiomorphic five-segmented abdomen has been generally regarded as the most primitive known adult form of sea spiders, an earlier form than the Devonian Paleopantopus maucheri with a three-segmented abdomen assumed to be sister taxon of the rest of Pycnogonida (Pantopoda; see Hedgpeth, 1978; Bergstro¨m et al., 1980) . This scheme assumes the evolutionary trend applied to the classification of sea spiders, implying they have gradually changed from more segmented to less segmented or assuming the absence of body parts as the apomorphic state Stock, 1994; Munilla, 1999; Waloszek and Dunlop, 2002) . In the present simultaneous analysis, the four fossil taxa were grouped within the crown group not following a reductive trend for the whole group, thus differing from previous interpretations Munilla, 1999; Waloszek and Dunlop, 2002) . Similarly, Siveter et al. (2004) analyzed the position of Haliestes within Pycnogonida by adding it together with other fossil taxa to the matrix in . Their final topologies, although poorly supported, showed Haliestes , Paleopantopus and Paleothea in a crown-group position (Siveter et al., 2004) . However, in Siveter et al. Paleoisopus appears as stem lineage of the Pycnogonida, a pattern only obtained here when the present morphological matrix is analyzed separately (Fig. 4) .
In general, these results indicate that fossils could be more derived than thought before. Paleothea devonica is so poorly documented there is no clear indication of its affinities. In this analysis the position of pycnogonid fossils close to the ammotheid Ascorhynchus and Eurycyde is due to characters of the proboscis (characters 64 and 73) and the segmentation of palps (characters 30 and 32) (Fig. 8) . Stock (1994) suggested an early condition of these ammotheid taxa because of the twosegmented proboscis in Eurycyde and tripartition marks of the Ascorhynchus proboscis, seen as remains of a primitive condition. Also, the bent abdomen in Eurycyde with similar armature to that of Haliestes dasos (Siveter et al., 2004) could agree with this pattern of relationships. This total evidence analysis does not agree with the notion of fossil taxa determining plesiomorphic conditions for the whole Pycnogonida, instead, places them within the extant clade close to ammotheid taxa, therefore it does not support fossils to be considered outgroups (as in . The sister group relationships of fossil pycnogonids with the Ascorhychus + Eurycyde clade are not strongly supported though, thus no definite classification is to be made, but the results suggest the possibility of more plesiomorphic conditions in living taxa compared with the extinct taxa known so far. Pycnogonid fossils known so far and those waiting to be described might be more diverse and of more derived condition than previously recognized (Poschmann and Dunlop, 2006) . The inclusion of a recently described Devonian pycnogonid with a flagelliform telson (Poschmann and Dunlop, 2006) in future analyses might challenge this hypothesis and will surely provide alternative hypothesis regarding homologies in abdomen segmentation and the relationship among fossil taxa.
Austrodecidae + Pycnogonidae + Colossendeidae
Austrodecus and Pantopipetta, the two Austrodecidae genera, form a monophyletic group within an early derived clade, which agrees with previous results of combined analysis (Arango, 2003a) and with a modified version of the matrix in , which places Haliestes within Pycnogonida (Siveter et al., 2004) . Previously, Austrodecidae had been grouped within ammotheids based on morphology . Morphologically, Austrodecidae is a special lineage due to the remarkable specialization of the proboscis and mouth. They bear a unique down-curved pipettelike annulated proboscis with a ventrodistal mouth bilaterally symmetrical, not tripartite as in the rest of the taxa (characters 68, 69; Fig. 6A,C) . Species of Austrodecidae are extremely small and slender when compared with sister groups Pycnogonidae and Colossendeidae (see Fig. 5B ,E,F), but in all three lineages chelifores are completely absent in adults (character 24) (Fig. 5) , while palps are present in Austrodecidae and Colossendeidae only (characters 29 and 31). Stock (1994) and Munilla (1999) , although not in an explicit analysis, related Colossendeidae to Austrodecidae and Rhynchothoracidae based on the absence of chelifores and presence of palps, while Pycnogonidae had been related to Phoxichilidiidae due to the absence of ovigers in females in both lineages (Stock, 1994; but dissolved in the present analysis of an extended morphological matrix (Fig. 4) . No males carrying eggs or larvae are known for Colossendeidae or Austrodecidae (Stock, 1957) , thus a different mode of reproduction could be suspected, although nothing is known about reproductive traits in these groups (Stock, 1957; Arnaud and Bamber, 1987) . In a previous total evidence analysis (Arango, 2003a) Colossendeidae was related to Nymphonidae, but this grouping is not supported by this extended data set, nor are the Colossendeidae grouped with Ascorhynchus + Eurycyde as proposed before based solely on morphology . According to the present topology, the multiple rows of spines on distal segments of ovigers (strigilis; Fig. 7A ) have appeared independently in the ammotheids Ascorhynchus and Eurycyde and in Colossendeids. The position of Phoxichilidium femoratum, a phoxichilidiid species has not been debated before. Morphologically, it shares the absence of female ovigers and larval characteristics with Pycnogonidae, but some of these transformations are also found at the Phoxichilidiidae node (Fig. 8) ; the expected position according to traditional classifications. However, the 18S and 16S sequences suggest a closer position to Pycnogonidae and Colossendeidae, respectively (cladograms not shown). As all loci could not be made available for P. femoratum, the synapomorphies at that node Phoxichilidium + Pycnogonidae are relatively few (see Appendix 3) and its position out of Phoxichilidiidae should be tested further with a more complete molecular data set and other sources of evidence when available.
The clade Austrodecidae + (Colossendeidae + (Phoxichilidium + Pycnogonidae)) has no morphological synapomorphies in the total evidence analysis (Fig. 8) , but the list of their molecular synapomorphies is in Appendix 3. From the ecological point of view, the three main lineages are cosmopolitan tending to occur in deep cold waters. Colossendeidae and Austrodecidae have predominantly Antarctic and sub-Antarctic distribution (excepting few species known from North temperate seas), and Pycnogonidae have some more representatives in other shallow and warmer locations. In both, Colossendeidae and Pycnogonidae there is an occurrence of polymeric species, or species with extra trunk somites (here included Decolopoda australis, Colossendeidae and Pentapycnon charcoti, Pycnogonidae), but the phenomenon also occurs in Nymphonidae, an apparently unrelated lineage according to this topology.
(Paleothea + (Haliestes + Paleopantopus ) + Paleoisopus + (Ascorhynchus + Eurycyde)) + (Callipallenidae-Nymphonidae)
The separation of Ascorhynchus and Eurycyde from Ammotheidae is supported by total evidence here and also by morphological data sets ( Fig. 4 ; . The clade formed by Ascorhynchus, Eurycyde and the fossil taxa except P. devonica is stable among the MPTs obtained. It is supported by strict synapomorphies related to palps and proboscis (see Fig. 8 ). After excluding the fossil taxa the node for Ascorhynchus + Eurycyde has maximum support as well as in the separate morphological analysis, showing 100% frequency (values not shown) in the resulting MPTs (consensus in Fig. 4) . The oviger distal segments or strigilis (character 56), the type of mouth (character 70; Fig. 6B ) and the shape of proboscis (character 62; Fig. 6D ), are synapomorphies for the group. Eurycyde is notably peculiar due to a clear segmentation of the proboscis, the anterior segment is a unique stalk or pedestal articulating with the pyriform part (Fig. 6D ) and in the genotypic data, COI has a deletion of two codons at position 468 in the three species of Eurycyde, appearing as a molecular autapomorphy for the genus. The affinities of other ammotheid genera (rarer forms such as Bathyzetes or Heterofragilia) that could potentially relate to this clade remain to be tested. This result confirms the non-monophyly of Ammotheidae suggested in and implies that the reduction or loss of chelae could be a yet unexplained event occurring in unrelated taxa, instead of being one of the main diagnostic characters of the family Ammotheidae as proposed by traditional taxonomy. Characters related to the proboscis and mouth such as the deep incisures (e.g., characters 66 and 70) (Fig. 6B) are also shared by the two groupings of ammotheids. On the other hand, Ascorhynchus and Eurycyde species tend to have a more plain and simple propodus configuration (of the type in Fig. 7E ), whereas generally small ammotheid taxa such as Ammothella and Achelia show more complex propodi (Fig. 7D) .
With the addition of terminals, and phenotypic and genotypic data, a monophyletic Callipallenidae is not recovered here, similar to that showed a pectinate pattern of relationships among callipallenid genera. However, the extended morphological data set supports the Callipallenidae node with four synapomorphies, two of them strict (characters 30, 31, 59, 63; Fig. 4) . In the total analysis the group formed by callipallenids and nymphonids is the strongest clade supported by a large number of character transformations (see Fig. 7 and Appendix 3). In traditional classifications their morphological similarities have served to consider them relatives (Stock, 1994) , although Nymphonidae have also been regarded as primitive due to their ''completeness'' (see Hedgpeth, 1947 and discussion in Arango, 2002) . Morphological synapomorphies for the Callipallenidae-Nymphonidae group include the presence of an apophysis on the male oviger (character 59) illustrated in Fig. 7 (C) and the type of larvae (character 77). Internally, Oropallene is sister taxon of Callipallene instead of Propallene (as in , which unexpectedly joins Nymphon floridanum, the only shallow water, tropical Nymphon included here. The diversity in species ( 300 species described, Table 1 ) and morphology patterns in Nymphon needs to be considered further in future studies. auxiliary claws and heel spines on propodi while other complex of species (e.g., N. australe) have the simple type of propodus (Fig. 7E) . This, and other combinations of characteristics have been used by taxonomists to define species complexes (for example see Child, 1988) . Species-level revision of the cosmopolitan Nymphonidae and the systematic revision of callipallenid genera [21 or 22 depending on synonymies, see Staples, 2005) are essential for further testing of affinities among nymphonid and callipallenid forms. The major clade of Pycnogonida including fossil taxa, Ascorhynchus, Eurycyde and callipallenid-nymphonid taxa is supported in the total evidence analysis (Figs 3 and 8 ) by several synapomorphies from all partitions, but mostly from the 28S sequences (see Appendix 3). The morphological characters supporting the clade are the multiple, scattered cement glands (character 45) and the position of chelae opposing to each other (character 61) typical of Callipallenidae and Nymphonidae and here coded for P. problematicus according to Bergstro¨m et al., (1980) description. The sister group relationship between the ammotheid genera and the callipallenid-nymphonids is very low supported according to jackknife resampling in the total analysis (although maximum support was obtained after excluding the fossils, Fig. 2) , and the affinities of the Callipallenidae-Nymphonidae group to the other extant pycnogonid taxa remain to be tested by additional sources of non-genotypic evidence.
Pallenopsidae + (Phoxichilidiidae + ammotheids)
The position of Pallenopsis supports raising the familial rank Pallenopsidae following a numerical taxonomy analysis by Fry (1978) and suggested in taxonomic studies (Child, 1992; see Discussion in Bamber, 2004) , and the previous cladistic analyses of morphology, although the combined results placed Pallenopsis as sister taxon to Anoplodactylus (Arango, 2003a) . The genus Anoplodactylus is a robust monophyletic group also well supported as sister group to Endeis. The Endeis-Anoplodactylus grouping is supported by the absence of palps (characters 29, 31), simplicity of ovigers in males (character 38), complete absence of ovigers in females (character 35) and the lack of developed strigilis (character 56). On the other hand, Endeis shows a remarkable set of morphological autapomorphies (Fig. 7) , related to the size and position of proboscis (characters 64, 67, 76) , the configuration of cement glands (characters [42] [43] [44] [45] and especially the total absence of chelifores in adulthood. The familial rank of Endeidae Norman (Hedgpeth, 1947; Fry, 1978; Endeididae in Child 1992 , 1998 , although generally used in taxonomy, has been questioned before (Stock, 1965; . In this study the lack of support for Phoxichilidium within Phoxichilidiidae, and the absence of other Phoxichilidiidae genera (Table 1) makes it difficult to propose a definite position for Endeis within Phoxichilidiidae. The number of autapomorphies evident for this genus could be taken as support for its familial rank, but Endeidae can only be clarified with better taxon sampling and an increased data set for the Phoxichilidiidae.
Sericosura (Fig. 6F) and Ammothea are at the base of the second ammotheid clade, Ammothea putatively monophyletic. More problematic genera are Tanystylum (Fig. 5H) and Achelia, which are again, not recovered as monophyletic even after the addition of taxa and data to previous data sets (Arango, , 2003a . Rhynchothoracidae appears related to species of Ammothella and Achelia, as obtained before solely with morphological characters , although this position is supported by fewer molecular data available and this extended morphological data fails to position R. australis unambiguously (see strict consensus Fig. 4) . Pallenopsidae + (Phoxichilidiidae + ammotheids) is supported by reduction of palps (characters 30 and 32) , the absence of oviger terminal claw (character 37) (see Fig. 7 ) and a number of nuclear transformations mostly in 28S and 16S sequences (Appendix 3).
Implications and remarks
Novel relationships proposed in this topology are the deep nodes relating the main lineages. Based on a supposed reductive trend, earlier taxonomists had suggested Ammotheidae or Nymphonidae as primitive taxa from which more derived groups have appeared, showing a gradual reduction of appendages (e.g., Hedgpeth, 1947; Stock, 1994; Munilla, 1999) . The hypothesis of the reductive trend is not supported here (nor was it in Arango, , 2003a . The resulting most parsimonious hypothesis of relationships shows nymphonids strongly related to callipallenids in a quite derived position (Fig. 3) . Additionally, the occurrence of species with extra trunk somites seems to be an independent event occurring at least in Nymphonidae (the 10-legged Pentanymphon antarcticum included here), unrelated to Colossendeidae and Pycnogonidae. According to this result the polymeric forms cannot be traced as a shared feature between the three different families. The occurrence of the extra segments remains unstudied from genetic, functional or structural perspectives (see discussion in Hedgpeth, 1954) .
The phylogeny we present here, implies that chelifores have been lost three times in the Pycnogonida, a more parsimonious hypothesis than previously proposed (five losses) based on smaller data sets of morphology and DNA (Arango, , 2003a . In the present phylogeny the loss of chelifores in Endeis could be a case of parallelism not explained, but also, the process of the loss of chelifores in Endeis could be different to that of Austrodecidae, Colossendeidae and Pycnogonidae (e.g., reduction or loss at a different larval stage). On the other (Fig. 3) in an attempt to signal the nodes requiring a stronger test, that are those for which additional evidence is needed from non-genotypic sources, and how the present hypothesis of relationships is supported by morphological information available. The length of this tree with only morphological characters active is 406 steps, 68 longer than the resulting MPTs of the separate analysis of morphological characters in Fig. 4 . The mapping of characters on to this tree is complemented by the list of molecular synapomorphies presented in the Appendix 3.
hand, Rhynchothoracidae, another group characterized by the absence of chelifores is tentatively related to ammotheids, not unexpectedly repeating the pattern obtained with morphology alone in , given the sparse molecular data available (see Methods) for this rare lineage. Affinities between Rhynchothoracidae, Austrodecidae and Pycnogonidae based on body shape, segmentation of palps and ovigers and number of female gonopores are not evident here (see discussion in .
The strong grouping of ammotheids and phoxichilidiids including Endeis, could be in agreement with the concurrence of similar embryological traits observed in species of these families such as small eggs with complete and symmetrical cleavage (Sanchez, 1959) , although similar embryology is described in Pycnogonum litorale (Sanchez, 1959; King, 1973) . A peculiar spiral type of cleavage observed in a Callipallene species (Sanchez, 1959; King, 1973) and a different type of total cleavage in Nymphon (Sanchez, 1959; King, 1973) remain to be compared with embryological features in other species. Observations of embryology and larval development are known for species from a few genera, but they would definitely be useful for expanding the range of potentially informative sources.
The deeper nodes of the pycnogonid phylogeny, although strongly supported in a total evidence analysis, are not strongly defended by known morphological synapomorphies. Potentially informative structural characters with known variation within Pycnogonida, such as sperm morphology (van Deurs, 1974a,b) and eye structure (Heß et al., 1996) , are to be scored across a much broader range of terminals. The task is to investigate different sources (e.g., internal anatomy, development, gene order, etc.) that could provide additional evidence to test phylogenetic hypotheses in Pycnogonida.
The absence or reduction of appendages in many taxa causes proliferation of missing or inapplicable data as well as homoplasy. In Arango (2002) the use of implied weights allowed the exploration of how homoplastic characters can have more or less influence in the phylogeny of the group, but nodes were not strongly supported. The need for more characters led to a subsequent preliminary molecular approach and combined analysis of nine major taxa, morphology and 1.2 kb of nuclear ribosomal DNA. In this work we largely increased the data set available for Pycnogonida, and provided a strong test of the phylogeny using a total evidence approach under iterative pass (IP) optimization, which contributed substantially to the improvement in tree length compared with the initial RAS, TBR and tree fusing rounds (not shown). Similar results and outcomes have been reported before with the use of IP optimization (Giannini and Simmons, 2003; Wheeler, 2003b; Sorhannus, 2004) . The analysis presented here constitutes a more consistent approach and more aggressive search for most parsimonious topologies, which should provide a strong, more reliable higherlevel phylogeny testing for monophyly and interfamilial affinities. The progress in non-supraspecific taxon sampling largely depends upon exhaustive fieldwork and wide collaboration with research teams sampling a variety of habitats, in particular those from deeper or remote areas. Although a complete test for monophyly for each of the genera is not attempted here, several species groups representing diversity in morphology can provide more reliable results at a higher level. In future investigations, additional terminals and the inclusion of more non-genotypic characters are needed to test the stability of the clades. Regarding the molecular data, further analyses will focus on the dependence and sensitivity of these results to variation in analytical assumptions (e.g., indel and gap extension costs). Finally, at the level of arthropod evolution studies, the great variation observed among the pycnogonid lineages, and the phylogenetic position of pycnogonid taxa sampled, need to be carefully considered, as they can potentially have large impacts in their results and interpretations. ?201110????11?01?010010002?20101110??????000?????0?????120111??000?011??? Palaeoisopus problematicus 11011?201110????01?000000000?010100000?0-01103100??0?10?????102221??0??0010??? Palaeothea devonica 11111?20?110????11?0??01?01??0?0?0?0??????????101?????1?????--0001??0???00???? Palaeopantopus maucheri 11111?20?110????11??1201?0???03030101?????????200?????01???????221??0???0?1??? Achelia assimilis
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